ethylene concentration (IEC) was measured by extracting a 1-mL sample from waterimmersed fruit. Ethylene was determined with a flame ionization gas chromatograph (Carle Model 311; Carle instruments, Fullerton, Calif.) equipped with a 2-m-long × 3-mm-diameter column packed with 80/100 mesh activated alumina. While threshold ethylene may be in the range of 0.05 to 0.5 µL·L -1 (Wang et al., 1972) , for comparative purposes an internal ethylene concentration of 1 µL·L -1 was chosen as being above the concentration having threshold physiological activity (Gerasopoulos and Richardson, 1996) . Flesh firmness was measured on the same five fruits with a force gauge (Hunter model LKG-1; Western Industrial Supply, San Jose, Calif.) equipped with an 8-mm tip in a Univ. of CaliforniaDavis penetrometer, using two pared surfaces on opposite sides of the fruit at the equator.
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Calcium determinations. At the termination of each ripening experiment, all five fruit groups were washed and calcium was extracted by the method of Perring (1968) , as modified by Richardson and Al-Ani (1982) . Ten grams of a 1 fruit : 1 water homogenate were transferred into a serum-test tube; 10 mL of concentrated HCl (37.8% A.R.) was added and the tube was capped. The suspension was boiled for 20 min in a water bath, cooled, then filtered through Whatman 41 low-ash paper. Strontium chloride was added to all extracts to a final concentration of 3% to reduce atomic absorption mineral interference. The filtrate was diluted to 25 mL with distilled water, and calcium was determined with an atomic absorption spectrophotometer (Perkin Elmer Model 303; Perkin Elmer, San Jose, Calif.) calibrated against CaCl 2 standards in acid.
Statistical analysis. For comparisons between treatments during poststorage ripening, LSDs were calculated with the SAS (SAS Institute, Cary, N.C.) statistical computer software. For comparing firmness and internal ethylene, LSDs were obtained by application of factorial analysis.
Results and Discussion
The average fruit calcium concentrations (fresh fruit basis) were 56 and 66 µg·g -1 in the controls and the calcium-treated pears, respectively (LSD 0.05 = 9.2). At harvest IEC was 0.16 µL·L -1 for the control fruit and 0.08 µL·L and to improve firmness retention at harvest by about 5 N (Gerasopoulos and Richardson, 1996; Richardson and Lombard, 1979) . Storage of 'd'Anjou' pears at -1 °C maintains firmness at about harvest levels (maximum loss of 5%) while stimulating ACC oxidase activity, leading to accumulation of ACC (Blankenship and Richardson, 1985; Gerasopoulos and Richardson, 1997d ) and increasing mRNA expression of genes complementary to clones associated with ethylene biosynthetic enzymes (Cregoe et al., 1993) . Thereafter, Fruit of 'd'Anjou', a winter pear variety, require ≈60 d at -1 °C to gain the ability to produce ethylene and ripen upon transfer to room temperature (Chen et al., 1982) . The duration of chilling temperatures required to induce ripening and the sequence of ripening events vary, however, depending on storage temperature and fruit calcium concentration, and the pears lose firmness more rapidly as storage temperature increases. At high temperatures (5 to 20 °C), firmness loss can take place before the climacteric rise in CO 2 (Porritt, 1964) or ethylene (Gerasopoulos and Richardson, 1997d ). Thus, 'd'Anjou' pears stored at 20 °C reach complete ripening capacity within 50 to 60 d (Gerasopoulos and Richardson, 1997d) . Calcium is applied to prevent physiological disorders and delay ripening in avocado (Tingwa and Young, 1974) , apples, pears (Richardson and Lombard, 1979) , small fruit (Ali et al., 1994) , and kiwifruit . When 'd'Anjou' pears were treated with Ca, they required longer storage at -1 °C in order to initiate autocatalytic ethylene production and ripening than did control fruit (Richardson and Lombard, 1979; Vaz, 1984) . Although winter pears require chilling to ripen normally, treating immature or mature 'd'Anjou' pears with ethylene can induce softening and ripening (Wang et al., 1972) .
Received for publication 28 Oct. 1987. Accepted for publication 13 Aug. 1998. The cost of publishing this paper was defrayed in part by the payment of page charges. Under postal regulations, this paper therefore must be hereby marked advertisement solely to indicate this fact.
The purpose of this study was to determine the effects of storage temperature and preharvest calcium application on the ripening capability of 'd'Anjou' pear, as measured by climacteric ethylene production and firmness loss.
Materials and Methods
General procedures. Two groups of 10 mature 'd'Anjou' pear trees at the MidColumbia Experiment Station, Hood River, Ore., were sprayed with 32.3 mM CaCl 2 plus X-77 surfactant or surfactant only (control) 55, 85, 125, and 137 DAFB. The fruit were harvested at 147 DAFB and placed directly into perforated polyethylene bag liners (folded over) in cartons (30 × 50 × 30 cm) holding ≈20 kg of fruit each, and stored in air at 5 or 10 °C. Additional fruit were placed in 20-L jars and stored at 20 °C for the measurement of internal fruit ethylene and flesh firmness. Fruits were not treated with fungicide after harvest to allow evaluation of possible effects on storage rots; however, they were screened for cork spot incidence throughout the experiment. Only sound fruit were used. Fruits were stored at 5 or 10 °C for 25, 40, and 55 d and then placed in 20-L jars at 20 °C to ripen for 11 d for the measurement of internal fruit ethylene and flesh firmness. All jars were ventilated with humidified air at 1 L·min -1
; CO 2 accumulation (as monitored by infrared analysis) did not exceed 0.5%.
Ripening characteristic determinations. Five fruit per treatment were taken from the 20-L jars every other day and the internal changes at the transcriptional level (Wilson et al., 1990) , or in protein population (Cregoe et al., 1993) , occur as fruits are placed at ripening temperatures.
Firmness of pears decreased to 50 N when held at 5 °C for 25 d, then transferred at 20 °C for 11 d while IEC remained <0.6 µL·L -1 (Fig.  1A) . However, considerable loss in firmness and an increase in IEC occurred when pears were held at 20 °C after being held for 40 d at 5 °C. The pears lost most of their firmness and contained >10 µL·L -1 ethylene during storage at 5 °C for >40 d. Firmness loss and IEC further increased during poststorage holding at 20 °C (Fig. 1A) . Chen et al. (1982) and Sfakiotakis and Dilley (1974) reported similar response to temperature in mature 'Bosc' pears stored at 5 °C, which required less time to ripen than did fruit stored at lower or higher temperatures.
Fifty percent firmness loss was evident in pears held at 20°C following 25 d at 10 °C, while IEC during this period remained between 0.03 and 0.6 µL·L -1 (Fig. 1B) . The early loss in firmness with little change in ethylene production was similar to the response of pears held continuously at 20 °C for 40 d (Fig.  2) . Pears stored at 10 °C for 40 d or more ripened following a sequence of events similar to those occurring in pears held at 5 °C, in which firmness started to decrease during storage prior to significant accumulation of ethylene. Firmness continued to decrease while IEC peaked at ≈55 µL·L -1 , following transfer from 5 to 20 °C (Fig. 1B) .
Firmness during the first 20 d of storage at 20 °C changed little, then decreased to 15 N on day 70, while the IEC showed a climacteric rise after 55 d and peaked at 65 µL·L -1 after 70 d (Fig. 2) . Storage of 'd'Anjou' pears at 20 °C without a chilling treatment does not prevent firmness loss, nor does it prevent development of the capacity for the climacteric rise in CO 2 (Porrit, 1960) or ethylene (Gerasopoulos and Richardson, 1997d) . However, the sequence of ripening events following storage at 20 °C differs from that after -1 °C storage. In fruit stored at 20 °C, the rise in IEC occurs well after firmness loss has commenced (Fig. 2) , whereas for fruit stored at -1 °C the rise in IEC occurs at the same time that firmness loss begins (Gerasopoulos and Richardson, 1997c) . When pears reach firmness of 30 N during 20 °C storage, sensitivity of the fruit to exogenous propylene is greatest (Gerasopoulos and Richardson, 1997a ) and the chilling requirement is least (Gerasopoulos and Richardson, 1997b) .
Calcium-treated pears start softening when the IEC exhibits a climacteric rise after 70 d of storage at -1 °C; this occurs ≈15 d later than in fruit not treated with calcium (Gerasopoulos and Richardson, 1997c) . The effect of calcium in delaying ethylene production may be related to the decrease in the activity of ACC oxidase that occurs in apples (Guan et al., 1991) . Even though calcium treatment extended the time required at -1 °C to permit ethylene production upon transfer at 20 °C, it did not alter the sequence of events in ripening 'd'Anjou' pears following -1 °C storage (Gerasopoulos and Richardson, 1997c). Calcium-treated and control pears stored at 5 or 10 °C ripened simultaneously. The time required to induce ethylene production was 40 d, 30 d less than that reported for fruit stored at -1 °C (Gerasopoulos and Richardson, 1997c) . Calcium did not alter the sequence of changes in firmness and IEC following poststorage holding at 20 °C, but delayed the development of ripening (Fig. 1 A and B) . Calcium-treated fruit were firmer than the control fruit at harvest and during storage at 5 or 10 °C (Fig. 1 A  and B) ; those held continuously at 20 °C retained most of their initial firmness through 55 d, whereas the firmness of the controls decreased after 20 d. Calcium-treated fruits softened to 25 N after 90 d of storage at 20 °C (Fig. 2) . Their IEC was ≈0.1 µL·L -1 from harvest through 68 d and exhibited a climacteric rise at 80 d. This was 15 d later than for the control pears (Fig. 2) . However, increased fruit calcium did not alter the sequence of ripening during storage at 20 °C, as was shown for fruit stored at -1 °C (Gerasopoulos and Richardson, 1997d) .
Major effects of calcium application on firmness (+4 to +30 N) were observed only in fruits stored at 20 °C (Fig. 2) . During storage at 5 or 10 °C, calcium-treated fruits exhibited delayed or reduced ethylene production relative to the controls ( Fig. 1 A and B) . Calciumtreatment of pears stored at 20 °C markedly delayed production of climacteric ethylene (Fig. 2) . These data are consistent with those of other studies in which calcium treatments increased firmness in pears and other fruit (Ali et al., 1994; Gerasopoulos et al., 1994; Vaz, 1984) . The greater firmness of calciumtreated fruit may result from calcium interacting directly with cell wall pectic substances, resulting in cell wall stiffening. Calcium may also act by reducing the activity of cell walldegrading enzymes. Endo-polygalacturonase is the enzyme suggested to be primarily responsible for softening in 'Conference' (Bartley et al., 1982) and 'Bartlett' (Ahmed and Labavich, 1980) pear tissues during ripening. Polygalacturonase activity is reduced by addition of Ca to the substrate (Corden, 1965) . This may explain the delayed and slower softening of Ca-treated fruit in the present study ( Fig. 1 A and B) .
The ripening resistance mechanism of 'd'Anjou' pears is strongly counteracted (within 10 d) by treatment with exogenous ethylene (Wang et al., 1972) or propylene (Gerasopoulos and Richardson, 1996) , and is moderately counteracted by low storage temperature (within 40-60 d). Calcium also inhibits ripening, but treatment with propylene (>1 µL·L -1 ) or storage at temperatures that stimulate ripening (≈10 °C) lessens the effect of calcium. The effects of calcium are maximized at nonchilling temperatures (20 °C) or at ripening-inhibiting temperatures of about -1 °C.
The normal sequence of ripening events for pears, following induction of their capacity to produce ethylene by storage at chilling temperatures (Knee et al., 1983; Sfakiotakis and Dilley, 1973; Wilson et al., 1990) , is characterized by firmness loss paralleling the climacteric rise in IEC. This sequence does not occur when 'd'Anjou' pears are exposed to nonchilling temperatures; firmness loss precedes the climacteric increase in IEC. Storage of 'd'Anjou' pears at chilling temperatures stimulates ethylene biosynthesis (Gerasopoulos and Richardson 1997d) , and the increase in sensitivity to exogenous propylene is proportional to storage time (Gerasopoulos and Richardson 1997a) . Storage at nonchilling temperatures stimulates ethylene biosynthesis only after firmness declines to 30 N Richardson 1997a, 1997b) .
Based on these observations, we suggest that temperatures between -1 and 20 °C stimulate both ripening phenomena (firmness loss and increase in IEC), thus resulting in faster ripening in addition to minimizing the effects of calcium.
